Dane DM, Yilmaz C, Gyawali D, Iyer R, Ravikumar P, Estrera AS, Hsia CC. Perfusion-related stimuli for compensatory lung growth following pneumonectomy. lowing pneumonectomy (PNX), two separate mechanical forces act on the remaining lung: parenchymal stress caused by lung expansion, and microvascular distension and shear caused by increased perfusion. We previously showed that parenchymal stress and strain explain approximately one-half of overall compensation; the remainder was presumptively attributed to perfusion-related factors. In this study, we directly tested the hypothesis that perturbation of regional pulmonary perfusion modulates post-PNX lung growth. Adult canines underwent banding of the pulmonary artery (PAB) to the left caudal (LCa) lobe, which caused a reduction in basal perfusion to LCa lobe without preventing the subsequent increase in its perfusion following right PNX while simultaneously exaggerating the post-PNX increase in perfusion to the unbanded lobes, thereby creating differential perfusion changes between banded and unbanded lobes. Control animals underwent sham pulmonary artery banding followed by right PNX. Pulmonary function, regional pulmonary perfusion, and high-resolution computed tomography of the chest were analyzed pre-PNX and 3-mo post-PNX. Terminally, the remaining lobes were fixed for detailed morphometric analysis. Results were compared with corresponding lobes in two control (Sham banding and normal unoperated) groups. PAB impaired the indices of post-PNX extravascular alveolar tissue growth by up to 50% in all remaining lobes. PAB enhanced the expected post-PNX increase in alveolar capillary formation, measured by the prevalence of double-capillary profiles, in both unbanded and banded lobes. We conclude that perfusion distribution provides major stimuli for post-PNX compensatory lung growth independent of the stimuli provided by lung expansion and parenchymal stress and strain.
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NEW & NOTEWORTHY
We demonstrate in a large animal model that altering the distribution of pulmonary artery (PA) perfusion by selective lobar PA banding impairs postpneumonectomy growth of gas exchange tissue while enhancing alveolar double-capillary formation in the remaining lobes. Divergent responses between tissue and capillaries indicate that perfusion-related signals play a major role in reinitiation of compensatory lung growth, acting independently from the major signals for extravascular tissue growth, i.e., mechanical stress and strain of the parenchyma.
COMPENSATORY LUNG GROWTH is a robust phenomenon that has been demonstrated in multiple mammalian species (10, 27, 28, 30, 31, 37) . In adult canines following surgical removal of ϳ58% of total lung units by right pneumonectomy (PNX), ventilation and perfusion to the remaining lung increase by a factor of ϳ1/(1-0.58) ϭ 2.38. Mechanical forces imposed on the remaining parenchyma and microvasculature reinitiate lung growth in an age-and threshold-dependent manner, leading to significant functional compensation. In young canines, post-PNX stimuli augment developmental stimuli resulting in vigorous accelerated lung growth that nearly normalizes alveolar structural dimensions and lung diffusing capacity upon reaching adulthood (40, 42) , although significant abnormalities in pulmonary hemodynamics and work of breathing persist (41) . In adult canines, post-PNX lung growth requires a higher stimulus threshold (loss of ϳ50% of lung units) and partially restores long-term alveolar structural dimensions and lung diffusing capacity (16, 22, 37) . Thus the potential for alveolarcapillary regrowth is retained in adult lungs although the incomplete compensation suggests a need for augmentation.
Compensatory lung growth does not simply reactivate developmental events, but also invokes additional mechanisms not available to or fully utilized in the developing lung (52) . Hundreds of interacting genes are activated (29) that in turn signal thousands of target molecules in diverse cell types involving nearly all of the major homeostatic pathways to effect spatially and temporally coordinated responses, culminating in the balanced addition of alveolar septal tissue and capillaries. An initial cellular proliferative phase is followed by progressive scaffold remodeling at microlevels and macrolevels (50) to optimize mechanics, minimize resistance to diffusion, and efficiently match disparate heterogeneous gas exchange steps including ventilation, perfusion, diffusion, and chemical reaction with hemoglobin. Physical stress and strain (deformation) are thought to impose fundamental signals for initiating post-PNX compensatory growth (9, 17, 19, 33, 36, 46, 51) . Two types of mechanical forces are invoked post-PNX: 1) parenchyma deformation due to expansion of the remaining lobes and 2) alveolar microvascular distension and shear due to redirection of the entire cardiac output through one lung. In earlier studies, our group used an inflatable silicone prosthesis to reversibly prevent post-PNX expansion of the remaining lung and showed that the increase in parenchymal stress-strain explains approximately one-half of overall compensatory response (9, 17, 19, 36, 46) ; the remainder was presumably due to increased perfusion and/or metabolic factors. However, the contribution of perfusion-related signals to compensatory lung growth has not been directly examined.
In this study, we directly tested the hypothesis that perfusion perturbation modulates post-PNX lung growth. Using a wellestablished adult canine model, we altered the distribution of post-PNX pulmonary perfusion to the remaining lobes by banding one lobar pulmonary artery (PA) to its ex vivo relaxed circumference, which did not prevent subsequent post-PNX increase in perfusion to the banded lobe but accentuated the increase in perfusion to the unbanded remaining lobes. Using each animal as its own pre-to post-PNX control, we measured the post-PNX changes in lobar PA blood flow, physiological function, in vivo anatomy by high-resolution computed tomography (HRCT), and postmortem alveolar septal structure between PA-banded (PAB) and sham PA-banded animals.
METHODS

Animals.
The Animal Care and Use Committee of the University of Texas Southwestern Medical Center approved all of the procedures. Adult litter-matched male mixed-breed hounds (ϳ12 mo old at the time of surgery, 20.3 Ϯ 2.6 kg, mean Ϯ SD) were obtained from approved vendors. The flow of experimental procedures is shown in Fig. 1 .
Lobar PA banding. The animal was fasted overnight and premedicated with acepromazine (0.2 mg/kg im), glycopyrrolate (0.01 mg/kg sc), buprenorphine (0.02 mg/kg sc), cefazolin (22 mg/kg iv), and furosemide (2 mg/kg iv). Anesthesia was induced with propofol (4 mg/kg iv) and maintained with isoflurane. Following tracheal intubation and mechanical ventilation (tidal volume 6-9 ml/kg), a left lateral thoracotomy was performed through the sixth intercostal space. A piece of Dacron strip (8-mm width) was placed around the PA of the left caudal (LCa) lobe, and the ends were sutured together to achieve a predetermined circumference equal to the mean relaxed circumference of the LCa lobar PA measured at postmortem in normal adult dogs (1.8 cm) (PAB group, n ϭ 4). Control animals underwent left thoracotomy without PA banding; the banding strip was placed around the LCa lobe PA without suturing (Sham banding, n ϭ 4). The chest wall was closed in layers and lidocaine (1%) was applied to the intercostal nerves. A small chest tube connected to a one-way valve was placed for 24 h to prevent atelectasis. Buprenorphine was administered postoperatively for 48 h and as needed thereafter. Wound dressings were changed daily, and skin stitches were removed after 7-10 days.
Right PNX. Following recovery 3 wk later, the animal was anesthetized, intubated, and ventilated as described above. A right lateral thoracotomy was performed through the fifth intercostal space. The lobar vessels were ligated and cut. The bronchi were stapled and the right lung was removed. The bronchial stump was immersed in warm saline to check for leaks and then oversewn with loose hilar tissue for added protection. The chest wall was closed in layers, and lidocaine (1%) was applied to the intercostal nerves. Residual thoracic air was partially evacuated to underwater seal. Rectal temperature, heart rate, blood pressure, and transcutaneous O 2 saturation were monitored continuously. Supplemental O 2 was administered perioperatively. Intraoperative fluid administration was Ͻ50 ml. Blood loss was minimal. Postoperative care was similar to that described above.
Lung function under anesthesia. Following established procedures (7, 8) , the animal was fasted overnight, premedicated, anesthetized, intubated, and mechanically ventilated in the supine position. Esophageal and mouth pressures, rectal temperature, heart rate, and transcutaneous O 2 saturation were continuously monitored. Static transpulmonary pressure (Ptp)-lung volume curves were measured using a calibrated syringe to inflate the lung with air (15, 30, 45 , and 60 ml/kg) above end-expiratory lung volume (EELV) in incremental and then decremental order. Lung volume, pulmonary blood flow, lung and membrane diffusing capacity (DL CO and DMCO), pulmonary capillary blood volume (Vc), and septal tissue volume (including microvascular blood) were measured simultaneously using an established rebreathing technique (8, 35) at two inspired O 2 concentrations (21 and 99%) and two lung volumes (30 and 45 ml/kg above EELV). Duplicate measurements under each condition were averaged. A venous blood sample was drawn before, in the middle, and immediately after the experiment to measure hemoglobin and carboxyhemoglobin concentrations.
High-resolution computed tomography (HRCT). In vivo imaging was performed pre-PNX and 3-4-mo post-PNX at Ptps of 10 and 30 cmH 2O. The procedures have been established (38, 39, 49) . Briefly, the animals were fasted overnight, premedicated, and anesthetized with an intravenous bolus of propofol and maintained with an infusion of ketamine and diazepam. The animal was intubated with a cuffed endotracheal tube, placed supine, and mechanically ventilated (tidal volume ϳ10 ml/kg) to eliminate spontaneous breathing efforts. Esophageal and mouth pressures were measured simultaneously to estimate Ptp. Static pressure-lung volume relationship was verified by incrementally inflating the lung in 10-ml/kg steps from functional residual capacity using a calibrated syringe. A General Electric Lightspeed 16 scanner (1.25 ϫ 1.25-mm collimation, 120 kV, 190 mA, pitch 1.0, and rotation time 0.8 s) was used to obtain consecutive apex-to-base images. Prior to each imaging sequence, lungs were hyperinflated with three tidal breaths, followed by passive expiration to functional residual capacity, then reinflated to the preselected Ptp (10 or 30 cmH 2O) and the breath held during scanning.
Image analysis. Each lobe was identified by fissures and analyzed separately using customized, semiautomated software (Microsoft Visual Cϩϩ 6.0) developed by us (38, 39, 49) . The lobes, major airways, and blood vessels were segmented. The area occupied by the lung was outlined by attenuation thresholding, excluding trachea and the next three generations of major airways and other conducting structures larger than 1-2-mm diameter. Interlobar fissures were fitted with cubic splines. Computed tomography (CT) attenuation of extrathoracic air (Ϫ1,000 HU), water (0 HU), intrathoracic air (CT air, sampled at 5 mm above the carina, 5 mm below the endotracheal tube, and halfway between them, average Ϫ989 HU, range Ϫ1,000 to Ϫ970 HU), and tissue (CT tissue, sampled at 5 points within the right lobe of the liver, average 54 HU, range ϩ44 to ϩ62 HU) were used to partition the total volume of each lobe (V lobe) into air and tissue volumes (V air and Vtissue) by assuming that the average CT value for air-free lung tissue (including uncontrasted blood) equals that of the liver (38) . 
where CT lobe is average CT value (in HU) of a lobe and FTV is fractional tissue volume. Hemodynamics, cardiac output, and lobar perfusion. These measurements were performed pre-PNX and 3-mo post-PNX in the conscious animal standing at rest. Limited hemodynamic measurements were also obtained with the animals running on a treadmill at a low workload (6 mph, 0% grade) as tolerated. The external jugular vein was cannulated under local anesthesia. A thermodilution catheter (Criticath SP5507H, 7.5 Fr; Argon Medical Devices, Plano, TX) was inserted and advanced to the pulmonary artery (PA) under pressure monitoring.
Lobar pulmonary perfusion was measured by a fluorescent microsphere technique (11, 12, 25) . Approximately 2 ϫ 10 6 fluorescent microspheres (15-m diameter; Molecular Probes, Eugene, OR) of one of six colors (blue, blue-green, yellow-green, red, crimson, or scarlet) were sonicated for 3 min and vortexed for 1 min, then injected via a forelimb peripheral intravenous line and flushed with saline. A reference blood sample was simultaneously withdrawn from the tip of the PA catheter at a constant rate (6.0 ml/min) for 3 min into a heparinized glass syringe. Duplicate measurements were obtained using different colored microspheres. PA pressure was monitored continuously, and triplicate cardiac output measurements were obtained by the thermodilution technique before and after each microsphere injection. Replicate measurements obtained under each condition were averaged.
Lung fixation. Following completion of the above studies and under deep anesthesia, a tracheotomy was performed, and a cuffed endotracheal tube was inserted and tied securely. The abdomen was opened via a midline incision, and the lung was collapsed via a transdiaphragmatic incision. An overdose of pentobarbital and phenytoin was administered intravenously to stop the heart, and the remaining lobes were reinflated within the thorax by tracheal instillation of 2.5% buffered glutaraldehyde at 25 cmH 2O of hydrostatic pressure above the sternum. The tracheal tube was closed to maintain airway pressure. The lungs were removed intact, immersed in buffered 2.5% glutaraldehyde, floated on a water bath, and stored at 4°C for at least 4 wk before further processing.
Estimation of lobar blood flow. Using established techniques (11, 25) , fluorescence was measured in the lobes of the right lung removed at PNX and in the fixed post-PNX left lobes removed at the terminal experiment. For the right lung, each lobe was diced into ϳ1-cm cubes and blotted to remove excess fluid, and the weight was recorded. For the fixed left lung, tissue blocks were sampled for morphometry (described below), and the weight of the removed samples was recorded. The remaining lobar tissue was blotted to remove excess fluid and then diced into ϳ1-cm cubes and weighed. The tissue pieces were digested by adding ethanolic KOH with 2% Tween-80. Microspheres were recovered by negative pressure filtration. Then 2-ethoxyethyl acetate (Cellosolve) (2.0 ml) was added to extract the fluorescent dye. Fluorescence was measured using a fluorimeter (Photon Technology International, Edison, NJ) and matched glass cuvettes. The sum of fluorescent signals in all samples in a given lobe (fl lobe) was divided by the total fluorescence in all lobes (fl total, 7 lobes pre-PNX, 3 lobes post-PNX) to yield the fractional lobar perfusion (fl lobe/fltotal), which, when multiplied by total perfusion, yields the absolute lobar blood flow. Each lung was analyzed separately, and correction was applied for the weight of the removed tissue samples. Pilot studies verified that lung fixation prolonged the time required for tissue digestion by KOH without affecting the fluorescent signals (data not shown). Duplicate measurements under each condition were averaged.
Measurement of lobar volume. Volume of each intact lobe was measured by saline immersion. Each lobe was serially sectioned (2-cm intervals), and the cut surfaces were photographed. Volume of each sectioned lobe was estimated by the Cavalieri principle (48); this tension-free volume was used in subsequent morphometric calculations.
Tissue sampling for morphometry. These methods are well established (15, 36) . Briefly, each lobe was sampled systematically with a random start in a stratified scheme: gross (level 1, approximately ϫ2), low-and high-power light microscopy (level 2, ϫ275; level 3, ϫ550, respectively), and electron microscopy (EM) (level 4, ϫ19,000). Standard test grids were employed at each level (15, 45) . In level 1, serial sections were photographed for point counting to estimate the volume density of coarse parenchyma per unit of lung volume [Vv(cp,L)] by excluding structures Ͼ1 mm in diameter. Four blocks per lobe were sampled, postfixed with 1% osmium tetroxide in 0.1 M cacodylate buffer, treated with 2% uranyl acetate, dehydrated through graded alcohol, and embedded in Spurr's resin. Each block was sectioned (1 m) and stained (toluidine blue). In level 2, multiple sections per block and at least 20 nonoverlapping microscopic fields were systematically analyzed by point counting. Structures between 20 m and 1 mm in diameter were excluded to estimate the volume density of fine parenchyma per unit volume of coarse parenchyma [Vv(fp,cp)]. In level 3, one section per block was analyzed, and at . Volume densities of alveolar septal components were estimated by point counting. Alveolar epithelial and capillary surface densities (cm Ϫ1 ) were estimated by intersection counting. About 200 -300 points or intersections were counted per grid (coefficient of variation Ͻ10%). To obtain absolute volumes and surface areas, the volume and surface densities were related through the cascade of levels to the volume of the lobe measured by the Cavalieri principle. A volumeweighted average of the entire lung was also calculated.
The prevalence of double-capillary (DblCap) profiles, a measure of new capillary formation by intussusception (3, 47) , was assessed by systematically and completely sampling two grids per lobe (ϫ1,000), and the results were expressed as a ratio of double/(single ϩ double) capillary profiles.
Data analysis. Where appropriate, the results (means Ϯ SD) were expressed per kilogram of body weight. Unpaired t-test and factorial ANOVA was used to compare PAB and Sham groups. Paired t-test and repeated measures ANOVA was used to compare static Ptp-lung volume relationships, the temporal changes (pre-to post-PNX), and the results among lobes. Post hoc analysis used Fisher's protected least significant difference (PLSD) test. Morphometric results were expressed in relative and absolute terms, as ratios with respect to the mean values in the corresponding lobe of Sham-banded control group, and with respect to the mean values in the corresponding lobe of previously reported unoperated normal adult hounds (n ϭ 6) (34). A P value of Յ0.05 was considered significant.
RESULTS
Physiological function under anesthesia. Compared with
Sham banding, body weight was lower in PAB group pre-PNX. Body weight did not change 3-mo post-PNX in the Sham group but increased slightly in the PAB group (Table 1) . Hemoglobin concentration was modestly higher in PAB group pre-and post-PNX. Pre-PNX EELV was 17% higher with a larger post-PNX decline following PAB than Sham banding (30 vs. 14%). Pre-PNX EILV was 13% higher following PAB than Sham banding, with a larger post-PNX decline in PAB (17%) than in Sham (9%) group. Total pulmonary blood flow was similar between PAB and Sham groups both pre-and post-PNX. DL CO expressed at standard conditions and DM CO declined ϳ37 and ϳ40% post-PNX, respectively, in both groups. Pre-PNX Vc was 17% higher following PAB than Sham banding; post-PNX Vc declined 25% in Sham group but remained unchanged in PAB group; these results are consistent with pooling of alveolar capillary blood following PAB. Pre-to post-PNX septal tissue volume declined significantly in both Sham (25%) and PAB (16%) groups.
Pre-PNX static Ptp-lung volume curves were similar between PAB and Sham groups, with a larger post-PNX decrease in lung volume at a given Ptp in the PAB group ( Fig. 2A) . Whole lung compliance (Ptp 10 -30 cmH 2 O) was similar pre-PNX but lower in the PAB group post-PNX (Fig. 2B ). Whole lung specific compliance (Cs) increased significantly post-PNX in Sham but not in PAB group (Fig. 2C ). Thus PAB impaired the post-PNX adaptive increase in Cs in the remaining lung. Hemodynamic data. Measurements were obtained pre-and post-PNX while standing at rest ( Table 2 and Fig. 3 ). Comparing pre-to post-PNX, heart rate did not change in Sham group but declined in PAB group. Thermodilution cardiac output was higher in PAB group pre-PNX, remaining unchanged post-PNX in Sham group but declining 28% post-PNX in PAB group (Fig. 3A ). Systolic PA pressure increased similarly in both groups from pre-to post-PNX. Post-PNX diastolic PA pressure was unchanged in Sham but declined markedly in PAB group so that mean PA pressure increased in Sham but not in PAB group (Fig. 3B ). Pulmonary vascular resistance (PVR) was not different between groups pre-PNX, although more variable in PAB group. Post-PNX PVR was more elevated in Sham than PAB animals ( Fig. 3C ). Pulmonary capillary wedge pressure was similar between groups pre-PNX and unchanged in Sham group post-PNX ( Table 2 ). In all PAB animals, the catheter balloon could not be wedged post-PNX. Results indicate that in PAB animals, pulmonary vasodilation and decreased cardiac output limited the post-PNX increase in PVR while standing at rest. Limited post-PNX hemodynamic data obtained upon light exercise showed exaggerated increases in systolic and mean PA pressures in PAB vs. Sham animals (103 Ϯ 3 vs. 59 Ϯ 15 mmHg and 46 Ϯ 4 vs. 33 Ϯ 9 mmHg, respectively) while diastolic PA pressure was similar (17 Ϯ 5 vs. 19 Ϯ 7 mmHg).
Lobar PA perfusion. Lobar perfusion was measured preand post-PNX while standing at rest and expressed as a fraction of total perfusion. Cardiac output was not altered before and after microsphere injections (data not shown). Before PNX, fractional perfusion to all lobes of the right lung was higher in PAB than in Sham group (Fig. 4A ) while in the left lung fractional perfusion to the banded LCa lobe was lower in PAB than Sham group but not different between groups in the unbanded left cranial (LCr) and left middle (LM) lobes (Fig. 4B ). Thus PAB of the LCa lobe caused redistribution of perfusion mainly to the lobes of the right lung.
Following PNX, fractional perfusion to all remaining lobes of the left lung increased in both PAB and Sham groups (Fig.  4C ) compared with that pre-PNX (Fig. 4B) ; the fold increase (post-PNX/pre-PNX ratio) was greater in the unbanded LCr and LM lobes of PAB group than in the Sham group while the fold increase in the banded LCa lobe was similar between PAB and Sham groups (Fig. 4D) . These results show that lobar PAB did not prevent the post-PNX increase in perfusion to the banded lobe, but further accentuated the post-PNX increase in perfusion to the unbanded lobes.
HRCT. Representative images and FTV color maps of lung parenchyma and quantitative results (post-PNX/pre-PNX ratio) are shown in Figs. 5 and 6, respectively. Pre-PNX FTV distribution was similar among lobes. In Sham group, post-PNX FTV became more heterogeneous, with lower FTV in the periphery of remaining lobes and near the costophrenic angle and higher FTV in the laterally expanded part of the LCa lobe across the midline. In PAB group, post-PNX FTV distribution was further perturbed, with large heterogeneous increases in the unbanded LCr and LM lobes as well as in the laterally expanded portion of the banded LCa lobe (Fig. 5 ). Compared with pre-PNX (post-PNX/pre-PNX ratio of 1.0), post-PNX lobar air volume increased by 21-141% (4.3-11.2 ml/kg) in both groups, with larger increases in the unbanded LCr and LM lobes than in the banded LCa lobe (Fig. 6A ). In all lobes, the increase in air volume was ϳ20% less in PAB than in Sham group (P Ͻ 0.05). Post-PNX lobar tissue volumes increased 74 -146% (1.0 -2.5 ml/kg) in both groups (P Ͼ 0.05, Fig.  6B ). Post-PNX mean lobar FTV was not significantly altered from pre-PNX in Sham animals but increased 33-54% (0.034 -0.063) in PAB animals (P Ͻ 0.05) (Fig. 6C ). Thus PAB altered post-PNX distributions of in vivo air, tissue and blood volumes among the remaining lobes.
SHAM Banding PA Banding
Pre-PNX Post-PNX Pre-PNX Post-PNX Analysis of lung structure. Representative micrographs of post-PNX remaining lobes (Fig. 7) show normal distal lung morphology in Sham animals compared with corresponding normal (unoperated) adult canine lobes. In contrast, PAB animals showed obvious air space enlargement in all lobes. Morphometric results (Table 3) show similar morphometric hematocrit and resistance of the diffusion barrier (harmonic mean barrier thickness, hb ) between groups. Compared with Sham banding, PAB animals had a significantly smaller middle lobe, a lower volume density of fine parenchyma in all lobes, and a lower septum volume density in the banded caudal lobe. Per unit of septum volume, PAB group showed lower volume density of interstitium, primarily due to a lower volume density of collagen. Alveolar surface-to-septum volume ratio was unchanged between PAB and Sham groups, while capillary surface-to-septum volume ratio was higher in all lobes of PAB group than in corresponding Sham lobes.
Absolute lobar septum volume was 22-40% lower in PAB than Sham group, especially in the middle (40%) and caudal (37%) lobes (Table 4 ). Absolute volumes of epithelium, interstitium, and endothelium were lower in all lobes of PAB animals, reaching statistical significance in the middle and caudal lobes. Absolute capillary blood volume and alveolar and capillary surface areas were also lower in PAB animals, reaching statistical significance in the middle lobe. There was a consistent pattern of lower post-PNX gain in septal structural components in the PAB group compared with the corresponding normal lobes (Fig. 8A) . Compared with Sham group, the largest impairment in structural growth was seen in the PAbanded caudal lobe and the adjacent LM lobe while the LCr lobe was the least affected ( Fig. 8B) .
Compared with the left lobes of unoperated normal animals, overall post-PNX gain in extravascular alveolar tissue volume was significantly diminished in PAB animals compared with Sham-banding animals (Fig. 9A) . In contrast, the expected post-PNX increase in the prevalence of DblCap profiles was further exaggerated in all lobes of the PAB group, reaching statistical significance in the LCr and LCa lobes with the largest increase seen in the unbanded LCr lobe (Fig. 9B ).
DISCUSSION
Summary of the main findings. We examined the effects of redistribution of lobar perfusion on post-PNX compensatory lung growth in adult canine lungs. The main findings are as follows:
1) In PAB compared with Sham banding, pre-PNX pulmonary hemodynamics measured while standing were unaltered except for a higher cardiac output. Post-PNX cardiac output and diastolic PA pressure were reduced, which limited the post-PNX increase in PVR.
2) PAB differentially altered the distribution of pulmonary blood volume and flow. In the banded LCa lobe, pre-PNX perfusion was reduced without a change in cardiac output. Following PNX, the banded LCa lobe experienced a perfusion increase (1.74-fold) similar to that in the Sham-banded LCa lobe (1.65-fold, P Ͼ 0.05) whereas the unbanded LCr and LM lobes experienced larger increases in perfusion (2.5-2.8-fold) than their corresponding Sham-banded lobes (1.9 -2.1-fold). Thus PAB exaggerated the post-PNX perfusion gradient between banded and unbanded lobes. 3) PAB impaired post-PNX expansion of the remaining lung and blunted the increase in specific lung compliance. These changes were associated with distal air space enlargement and diminished structural gain in the volumes and surface areas of alveolar septal tissue components in all lobes; impairment was greater in the banded LCa lobe and its adjacent LM lobe than in the LCr lobe.
4)
In contrast to the impairment of post-PNX extravascular alveolar septal tissue growth, PAB significantly enhanced the expected post-PNX increase in DblCap formation in both banded and unbanded lobes, consistent with perfusion-related stimulation of intussusceptive alveolar angiogenesis.
These results show that lobar perfusion plays an important role in modulating post-PNX compensatory lung growth, with differential effects on extravascular alveolar tissue growth and new capillary formation.
Critique of the methods. Normally, the right lung constitutes 55-58% and the left lung constitutes 42-45% of total lung volume with a similar partition of ventilation and perfusion. Before PNX in Sham-banding group, fractional perfusion to the left lung (ϳ60% of total) was higher than that to the right lung (ϳ40%) because of a high fractional perfusion to the LCa lobe, which most likely reflects local reaction to the presence of the banding material. In the PAB group, perfusion to the left and right lungs was ϳ40 and ϳ60%, respectively, of total, reflecting a shift away from the operated left lung to the unperturbed right lung. The post-PNX increase in perfusion to the LCa lobe (1.65-fold) was slightly less than that to the other remaining lobes (1.87-and 2.07-fold) even in Sham banding animals. There was no significant systemic inflammation as circulating white blood cell counts were within normal range (data not shown). Local inflammatory effects should be similar between PAB and Sham-banding groups.
The pulmonary artery of LCa lobe was banded to its average normal relaxed circumference measured postmortem in adult dogs; PAB reduced baseline (pre-PNX) fractional perfusion to LCa lobe but did not alter the fold increase in its perfusion post-PNX, which was similar to that in the Sham-banded lobe (Fig. 4D ). Thus the LCa lobe was not ischemic following PAB and remained capable of accommodating large increases in perfusion. The reduction in fractional perfusion to the LCa lobe was redistributed mainly to the right lung. In contrast, post-PNX perfusion to the two unbanded remaining lobes (LCr and LM) was 35% higher than that in the matched Sham lobes, indicating redistribution of the increase in perfusion to the remaining unbanded lobes; therefore PA banding exaggerated the post-PNX differential in perfusion change among banded and unbanded lobes.
Sources of post-PNX lung growth and compensation. The large post-PNX increases in lung volume ventilation, and perfusion elicit adaptation via several mechanisms: 1) recruitment of remaining alveolar microvascular reserves, 2) remodeling of existing gas exchange structures, and 3) growth of new alveolar tissue and capillaries. Microvascular recruitment is evident from a linear increase in diffusing capacity as pulmonary blood flow and volume increase (23, 26) , which maintains the diffusion-perfusion (DL/Q ) ratio and optimizes end-capillary O 2 saturation (14) . Alveolar surfaces unfold while capillaries open and distend, so that effective gas exchange surfaces and diffusing capacity per unit of lung are higher than that expected on the basis of anatomical loss of lung units. Remodeling occurs early post-PNX with air space expansion followed by rearrangement of septal constituents (2, 4) and lengthening of interalveolar septa. Combined with recruitment of epithelial and capillary surfaces and surfactant, these changes augment gas exchange in the remaining lung even without the generation of new gas exchange units (5, 21) Reinitiation of alveolar growth occurs preferentially in the infracardiac lobe following 42% lung resection and in all of the remaining lobes following 58% resection (37) . Newly formed tissue and capillaries undergo remodeling over several months to partially normalize lung structure and function. The slow and ultimately incomplete compensatory response in adult lungs contrasts with that in young canines where vigorous post-PNX growth completely normalizes alveolar gas exchange and aerobic capacity (40) , although significant bronchovascular mechanical abnormalities remain. Thus developmental signals intensify the post-PNX signals for alveolar growth, indicating that independent growth signals are additive or synergistic.
Expansion-related signals for growth and compensation. Using custom-shaped inflatable silicone prosthesis to reversibly prevent lateral expansion of the remaining lung following PNX and temporally separate expansion-related from perfusion-related signals, we estimated that parenchyma expansion explains 40 -70% of the observed structural and functional compensation (9, 17, 19, 36, 46) . In animals with inflated prosthesis, the remaining lung showed alveolar septal crowding, capillary congestion, and diminished gains in cell volumes and gas exchange surface areas compared with animals with deflated prosthesis where the remaining lung was allowed to expand across the midline (19) . Activation of growth regulators such as hypoxia-inducible factor family members, paracrine erythropoietin receptor, and VEGF receptor was also diminished (51) . Delayed post-PNX deflation of an inflated prosthesis led to progressive increases in lung volume and DL CO over several months, i.e., "catch-up" adaptation (9, 46) . Even without lateral expansion, with inflated prosthesis the remaining lung elongated by caudal displacement of the diaphragm and by widening the rib cage (46) , which accounted for a residual 20 -30% increase in air and tissue volume compared with the corresponding normal lung. Thus the post-PNX remaining lung did not expand just to fill space, but grew even when space was not readily available, suggesting a role for non-expansion-related growth stimuli.
Perfusion-related signals for growth and compensation. Both pulmonary blood flow and pulmonary capillary blood volume per unit of lung increase following PNX (23) . Post-PNX PA pressure may be normal at rest but elevated upon exercise (20, 41) . Increased mechanical strain/shear on endothelial cells not only stimulates gene expression (6) but also increases generation of reactive oxygen species (1, 44) and can predispose to microvascular leakage and dysfunction. In the newborn pig, ligation of one PA increases perfusion to, and augments growth of, the contralateral lung (13) . In contrast, pulmonary capillary congestion in chronic heart failure causes thickening of the alveolar endothelium, epithelium, and basement membrane (24, 43) , which impedes gas diffusion. Only one study has attempted to directly alter perfusion post-PNX by banding one lobar PA in ferrets and showed no effect of PA banding on post-PNX DNA and protein content of either the banded or the unbanded lobes (32); however, lobar perfusion and alveolar structure and function were not assessed in that study.
In our animals, PAB reduced baseline perfusion to the banded LCa lobe and redirected flow to the right lung without affecting cardiac output or pulmonary hemodynamics at rest. Following subsequent PNX, the expected perfusion increase to the unbanded remaining lobes was exaggerated while perfusion to the banded lobe increased similarly to that in Sham controls. The post-PNX perfusion changes measured by microspheres are consistent with HRCT results showing redistribution of pulmonary tissue-and-blood volume to the unbanded remaining lobes, resulting in heterogeneous increases of regional FTV.
Selective lobar PA banding impaired post-PNX lung expansion, blunted the increase in specific lung compliance, and reduced the gains in extravascular alveolar tissue volumes and surface areas in all remaining lobes; average impairment ranged from ϳ11 to 50% (compared with Sham-banding controls). The banded LCa lobe exhibited the greatest impairment, and the unbanded LCr lobe exhibited the least impairment. Structural responses in the small, unbanded LM lobe were impaired to an extent similar to that in the banded LCa lobe. The LM lobe, also termed the inferior segment of the LCr lobe, is often incompletely separated from the larger superior segment of LCr lobe. We analyzed the LM lobe separately as its responses were distinct from that of the LCr lobe (superior segment) and more similar to that of the LCa lobe. This finding may be related to the physical proximity of the LM lobe to the banding site. The origin of the PA to the LM lobe arises from the main trunk not far from the site of banding. If PAB of LCa lobe had caused turbulent flow upstream, the impact may be greater on the LM lobe than on the more distant LCr lobe. Perfusion-stimulated double-capillary formation. Unexpectedly, PAB significantly enhanced the post-PNX increase in DblCap profiles, an indicator of intussusceptive angiogenesis (3, 18) . Intussusception is an important mechanism of postnatal capillary formation whereby physical stress imposed on elastic fibers in a sheet-flow alveolar capillary network lifts a tissue pillar into an existing capillary lumen, eventually transecting it (18) and forming the DblCap profiles. With subsequent remodeling the septa lengthen and the DblCaps separate into two single capillaries resulting in an increase in total gas exchange surface area. While DblCaps predominate in fetal lungs, their prevalence decreases after birth (ϳ5 and ϳ2% of total alveolar capillary profiles in canine lungs by 3 mo and 1 yr of age, respectively). We observed a progressive increase in the prevalence of DblCaps in adult canine lungs correlated to loss of lung units. Following 42% lung resection and in the absence of compensatory growth in most of the remaining lobes, DblCap prevalence was unchanged from normal (37) . Following 58% resection where all remaining lobes undergo compensatory growth, DblCaps increased significantly and the increase was further augmented by supplementation of all-trans retinoic acid (35, 47) . Following 70% resection, DblCaps increased further independent of the degree of extravascular alveolar tissue growth (37) , suggesting the existence of separate stimuli for tissue vs. capillary growth. Altering perfusion signals selectively enhanced post-PNX DblCap formation, which may reflect adaptive response to impairment of alveolar tissue growth. A longer follow-up period will be needed to determine whether these newly formed DblCaps remodel into single capillaries.
Conclusions. Redistributing pulmonary perfusion by selective lobar PAB impairs post-PNX growth of alveolar tissue and gas exchange surface areas while stimulating intussusceptive capillary formation in all remaining lobes; these findings confirm the existence of independent tissue vs. capillary stimuli for compensatory lung regrowth. In vivo perfusion-related signals are complex, involving mechanical stress on the endothelium and microvascular wall, increased turbulence, reflex hemodynamic adjustment, and recruitment of neural feedback and chemical mediators. While it will be difficult in the intact animal to cleanly separate individual signals beyond that accomplished in this study, we can conclude that perfusion redistribution following loss of lung units constitutes a major stimulus separate from lung expansion-related stimuli for growth and compensation of the remaining lung units. Average impairment in post-PNX extravascular tissue growth (35-50%) in the PAB group was in a range similar to that observed previously following restriction of post-PNX lung expansion (9, 17, 19, 36, 46) . That is, lung expansion and increased perfusion contribute about equally to, and together could fully account for, the post-PNX compensatory response. These results provide fundmental insight directly impacting the design of translational interventions aimed at maximally exploiting the innate potential for growth and compensation in the remaining functional lung units in chronic destructive lung disease.
